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CONCEPTUAL DESIGN OF A HEAT PIPE RADIATOR
\

by

Gloria A. Bennett

ABSTRACT

A conceptual design of a waste heat radiator has been developed
for a thernnelectric space nuclear power system. The nmt important
constraint imposed on the design arose from the rigid survival stan-
dard of 99% probability that the radiator be functional at full power
at the end of a seven-year mission. The basic shape of the heat pipe
radiator was a frustum of a right circular cone. The design included
stringer heat pipes to carry reject heat from the thermoelectric nmd-
ules to the radiator skin that was composed of small-diameter, thin-
walled cross heat pipes. The stringer heat pipes were armored to

“q resist puncture by a meteoroid. The cross heat pipes were designed
to p~vide the necessary unpunctured radiating area at the mission

=* ~ end with a minimum initial system mass. Several design cases were

s= ,.. developed in which the individual stringer survival probabi 1ities
.—
i?~=~o’

were varied and the radiator system mass was calculated. The design
_h &equations were co~uterized to.facilitate pa~ametric studies. These

3= radiator studies w1ll be used In the evaluation of several candidate
&Eg

L

electric power conversion systems f~~space electric power.
:~
~=~

3S
.__Results are presented for system mass as a function of individual

m,.. stringer survival probability for six candidate container materials,

9====“=gj three candidate heat pipe fluids, two radiator operating temperatures,
two meteoroid shield types, and two radiating surface cases. Results

sm ‘ are-al= presented for radiator reject heat as a function of system
~ _p ma=, area, and length for three system sizes.

r.

I. INTRODUCTION

The Los Alanms Scientific Laboratory (LASL),

in support of the Energy Research and Development

Administration (EROA) Nuclear Research and Appl ica-

tions Division program to develop a nuclear space

reactor power plant, is conducting studies on mis-

sion requirements and power plant technology. The

purpose of the LASL study is to detenni ne the char-

acteristics of various reactor power plants for

space applications and to select a configuration

for future ground denmnstration and flight.

Department of Defense (DoD) requirenmts for a

power plant will strongly influence the selection

of future space reactors. Currently, various fuels,

reactor designs, shields, converters, and radi-

ators are being considered. The study effort is

concentrated on a high-temperature, compact, fast

reactor that can be coupled with a~ one of several

electrical power conversion systems (thermoelectric,

thermionic, or dynamic) and with various radiation

shielding systems as dictated by the specific mis-

sion requirements.

A space electrical reactor power plant may be

thought ofas four major subassetilies: a nuclear

reactor heat source; a radiation shield used to pro-

tect other spacecraft parts from high radiation

levels; a converter to transfer thermal energy to

electrical energy; and a radiator to reject waste

heat. This particular study was undertaken to pro-

duce a conceptual design of a waste heat radiator

for a thermoelectric (T/E) power system.



A heat-pipe-cooled system was chosen for study

because it was believed to be lighter and nmre reli-

able than a conventional pumped-fluid system. The

study objectives were to provide size and weight

estimates for use in power plant pararretric studies,

to clarify potential prublems, and to evaluate tech-

nical feasibility of the heat pipe concept.

The radiator was required to have a 99% proba-

bilityof functioning at full design heat load at

the end of a seven-year mission. The only failure

mechanism considered was micrometeomid puncture of

heat pipes. The overall reliability is providedby

selecting sufficiently thick heat pipe material to

provide a selected probability that a prescribed

number of heat pipes would survive the mission.

Results from previous studiesl on radiator segm?nt-

ingwere used in optimizing between meterial thick-

ness and redundant heat pipes to minimize the ini-

tial system mass.

II. RADIATOR DESIGN

lhe radiator configuration chosen for stu~

was the frustum of a right circular cone. The de-

sign included 91 T/E modules arranged in a l.l8-m-

diam circle at the small base of the frustum. The

radiator was designed to use two systems of heat

pipes in series, rather than the conventional

pumped-fluid system. Ninety-one axial stringer

heat pipes, arranged on the cone slant surface,

uniformly transfer heat from the T/Emodules to the

radiator skin. The radiating surface is cowosed

ofmarv small-diameter, thin-walled heat pipes laid

side by side at right angles to the stringers aruund

the radiator circumference. Heat is conducted from

the stringers to cross heat pipes and then radiated

to space. The design is shcwn in Fig. 1. The

truss heat pipes are assumed to be brazed ta the

stringer heat pipes to provide the stringe?=to-

truss-heat-pipe heat transfer. They my also be

brazed to each other, but that has not been assumed

in the thermal analysis.

III. sYSTEM RELIABILITY

The heat rejection system is conposed of the

cross and stringer heat pipe systems. The radiator

rust have a 99% survival probability that both sys-

tem5 will remain functional for a seven-year

mission. Functional is defined as capable of re-

jecting the design heat Toad at the design temper:

ature. The probability of failure from means other

than meteoroid penetration is not considered here,

but nmt be reduced to a very small value. Because

the heat pipe systems are statistically independent,

the total system survival probability is given by2

p(snc) = p(s) x p(c),

where

p(S) = probability of

and

p(C) = probability of

survival.

(1)

stringer system survival;

cross heat pipe system

Cross heotpipes,

Fig. 1. Ninety-one heat pipe thermoelectric system radiator.
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The systems survival probability is equal to 0.99,

which is the product of 0.995 and 0.995. Thus, the

survival probability of each system must be at

least 99.5%.

Two failure modes from hypervelocity impact

were considered. A dimple failure mode is assumed

for the stringers and a perforation failure mode is

assumed for the cross heat pipes. The difference

in beryllium wall thickness as a function of indi-

vidual survival probability for a vulnerable area

ofO.1 m2 is shown in Fig. 2 for both failure

modes.

The reference design of the 91-heat pipe T/E

system radiator assumes a 200-kW reactor, 5% effi-

cient silicon-germanium T/E modules, and a radiator

operating temperature of 775 K. The stringer and

cross heat pipe container material is assumed to be

beryllium and the working fluid is potassium.

A. Stringer t{eat Pipe System

The stringer heat pipe system was composed of

91 heat pipes. The evaporator section of each pipe

is thermally linked to the cold junction of a single

T/E nmdule. The evaporator section design is not

covered in this report. The assumption is made

that there will be thermal coupling between T/E

modules so that failure of a stringer heat pipe

does not result in failure to cool a T/E nmdule.

In this study, it was necessary to develop

several design cases based on different stringer

probabilities. The system mass determined for each

survival p~bability was used to choose a reference

design case. Because the condenser sections of

each stringer heat pipe are statistically independ-

ent of all the other stringers, the system survival

. probability can be calculated using the cumulative

binomial distribution
0.25, 1

i I — Perforation I
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:
g C.15 i’
x
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Fig. 2. Beryllium thickness for performance
and dimple failure modes.

s = !N“+ (l- PIN-nPns

s

(2)

where

P = individual stringer survival probability;

N = total number of segments;

Ns = nufier of surviving segments; and

S = probability that N segments are not
punctured during tie mission.

Figure 3 illustrates the calculated system sur-

vival probability as a function of the number of

surviving stringers, Ns, for four survival probabil-

ities. The calculations show, for example, that of

91 heat pipes, each having a 0.89 survival probabil-

ity, there is a 99.5% probability that 73 will sur-

vive.

These calculations are used to determine the

end-of-life number of stringers from which the re-

sulting heat load per stringer can be determined.

The end-of-life heat load per stringer is

?nax= ‘rej/Ns’ (3)

where Q . = total heat to be rejected, and thisreJ
was used to size the stringer. The cross sectional

area of the heat pipe was calculated using the sonic

0.95 -

0.90 -

0.85 -

0.80 -
p= 0.69

0.75 -

0.70 -

0.65 -

0.60 - NS=510t 0.69 N~=61 N~= 73 N =87

0.55 -

,/ ,,L, ,

0! o 79 Ot(l.89 o?O.Y 3

/ ,/ -
0.50

40 5b 60 70 80 90
hls-NJumbef Of Stringers Surviving 7Yr. Mission

Fig. 3. System survival probability versus nunber
of surviving stringers.
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limit of the heat pipe fluid at the operating

tenperature,3 multiplied by a safety factor

of 2.

The minimum length of the condenser section is

assumed to be the slant height of the conical radi-

ator. Pressure drop calculations for the given

stringer lengths were done by J. E. Kemme4 and

show favorable pressure and temperature profiles.

B. Cross Heat Pipe System

The cross heat pipe system was co~osed of

many thin-walled heat pipe segments that operated

independently. The cross heat pipes were assumed

to be the only surfaces that radiated waste heat

to space and were the most vulnerable radiator

parts. If the cross heat pipes were circumferen-

tially segmented, then only the punctured segments

would be sacrificed as useful radiating surface.

In Ref. 1, it was shown that the mass-per-unit

area required decreased with increasing numbers of

segments; for many segments and minimum initial

mass, the individual segment survival probability

tends toward

P= (Ns/N) = 0.78.mi n (4)

Ftgure 4 illustrates the heat pipe thickness

required as a function of segment survival proba-

bility for five exposed vulnerable areas. Thick-

ness begins to increase rapidly for survival proba-

bilities greater than about O.85. The exposed area

causes significant increases in thickness, which

a~~--,. -,.,,.-,-.-,-------- 1
—--—002 d

004.1
-——-~sx::
. . . . ..__.o .. @

I
4

p-%rvivol Probobil!ty

Fig. 4. Beryllium thickness vs survival
probability.

means that a weight savings can be achfeved by divid-

ing a heat pipe into shorter sections. Segmenting

is feasible with cross heat pipes, but is not neces-

sarily feasible with the stringers.

For the reference design radiator, the cross

heat pipes are segnented into appnximately 3200

segments on the radiator surface. Using the cumu-

lative binomial distribution, Eq. (2), the required

individual segment survival probability can be cal-

culated so that there is a 0.995 probability of

0.78 fraction of the cross heat pipes suwiving the

mission. Then, using the individual survival proba-

bility and the exposed vulnerable area of each seg-

ment, the required thickness of the cross heat pipes

can be calculated. The cross heat pipes outside the

stringers act as a meteoroid shield or bumper, and

must be considered when calculating the wall thick-

ness of the stringers. The bu~er effect of the .

truss heat pipes was estimated by the methods de-

scribed in Ref. 5.

IV. THER?4AL DESIGN

The thermal environment assumed for the radi-

ator6 is as follows:

Solar radiation 1398.76 W/m2

Earth radiation 243 kl/m2

Space sink temperature OK

The heat balance consists of inputs of direct

solar radiation, earth-emitted radiation, reflection

of solar radiation from the earth, and the inter-

nally generated heat load to be rejected, all of

which must be radiated to space. The controlling

equation is given by

as~sG5+ar~r~pGs+ae~e Ee+~i
=aefl (Ref. 7), (5)

where

.

;=

Gs =

ar ‘

solar absorptivity = 0.21;

cosine of angle between the unit surface

normal vector and the direction to the

sun (O.-l.);

solar irradiation on a plane normal to

the sun = 1398.76 W/m2;

absorptivity to radiation reflected from

planet = 0.21;

.

h
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shape factor for reflected planetary

radiation = 0.015 geosynchronous orbit

and 0.3 for shuttle orbit;

fraction of incoming solar radiation

to earth that is returned to space

= 0.30;

absorptivity to radiation emitted by

planet = 0,90;

shape factor from planet to surface = 0.3;

earth-emitted radiation z 243 W/m2;

internal waste heat load;

Stefan-Boltzmann constant = 5.67 x 10-8

Wlm2-K4;

radiator surface emissivity = 0.9 assumed;

and

radiator operating temperature = 775 K.

The maximum shape factor values were used to

get the worst case solar and earth heat inputs as

follows:

Input from solar radiation =

0.21 xl x1398.76= 294W/In2.

Input from earth-emitted radiation =

0.90 xO.3 x243 = 66W/m2.

Input from earth-reflected solar radiation =

0.21 x0.3x243= 15W/m2.

It was assumed that the base looks directly at the

payload so that earth-emitted and earth-reflected

radiation would be shielded from the radiator;

therefore, the total environmental input is

294 W/m2.

The average radiator temperature is assumed to

be constant and equal to the cross heat pipe temper-

ature. The radiator temperature for the reference

T/E design case is 775 K, at which temperature the

heat rejected per unit area is:

Solar input * Waste heat load
Projected area Effective area

. Heat radiated to space
Effective area 9

Tf
294W/m? +~=5.67 X10-8

x 0.9 x (775 K)4 Wlm2.

(6)

The solar input is very small conpared to the

heat rejected, so that only small ertwrs result frum

using the worst case solar input values applied to

the effective radiator area.

factor, SF, applied to solar

SF= Effective radiator area
Projected radiator area

iT(R1 + R2)s
.
TRT + ~)S X cOS $’

where

‘1 = cone small radius;

% = cone large radius;

s = cone slant height;

@ = cone half angle.

heat

The resultant

input is given

(7)

and

safety

by

The effective area required to reject the total

loadat the design temperature is given by

A =Ti/(oefl -l),eff (8)

where

I = solar input = 294 W/m2.

The effective area represents the radiating area

available and functioning at the end of the mission

(EOM). The radiating area at the beginning of the

mission (80M) must be larger to compensate for loss

of crms heat pipes, as was discussed in the section

on reliability.

The radiator is assunn?d to be a frustum ofa

right circular cone, Fig. 5. The overall radiator

size must be compatible with available launch vehi-

cles such as Titan 111 or the Space Shuttle, whose

diameters are approximately 4.2 m. The effective

radiator area is assumed to be the outer slant sur-

face of the cone, plus,

of area visible through

surface area is

A=m(R1+R2)xs

in some cases, the fraction

the cone base. The slant

Ref. 8), (9)

where

A=

s .

RI =

‘2 =
‘$ =

area of slant surface;

slant height of cone;

small radius = 0.59 m in reference design;

large radius;

half angle of cone = 12° in reference

design.

Cases that allow radiation to shine through the base

of the cone result in

5
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Fig. 5. Cone frustum.

A~ff = A + F1-2 XA=A(l +F1-2), (10]

where

‘l-2
= shape factor.

In both cases, the cone slant height is calcu-

lated in term of R,, $, Aeff as

S=(-2TR,+[(2XTXR,,2

1/2
.4xrsin$x Aeff 1) /(2x mxsin $). (11)

Whether or not credit can be taken for base

shine through is mission- and payload-dependent and

will require consideration of the particular case.

The expectation is that the void space inside the

radiator will have instrumentation, controls, or

equipment that must be protected from the high-tem-

perature radiator. Consequently, it was assumed

for the reference design that the backside of the

radiator base would be looking directly at the pay-

load that may need protection. Not taking credit

for base shine through results in a larger and

heavier radiator.

v. MICROMETEOROIDCRITERIA

The radiator mustbe designed to minimize fail-

ure because of damage from micrometeoroids. The

only radiator parts that require thick walls are

the stringer heat pipes frwm the T/E converters to

the cross heat pipes on the cone surface. lle dim-

ple failure mode was assumed for the stringers, and

perforation failures were assumed for the cross heat

pipes. The cross heat pipes were assun-ed to be

significantly segmented to avoid the necessity for

thick anmr. The mteoroidmdel used for these

calculations is given in Ref. 6. It includes comet

particles having masses between 1 and 10-12 g for

sporadic meteoroids and 1 to 10-6 g for stream

meteoroids. The average total environment is

Particle density 0.5 g/cm3

Particle velocity 20 km/s

Flux mass models:

For

For

Nt = n@er

10-6 <M<l,

logNt= - 14.~~ - 1.213 logM.
,.-12 <M<1O,

log Nt = - 14.339 - 1.58410g M

-0.063 (log M)2.

of particles/m2/s of mass M or greater,

and M = nnss in grams.

The equation used to determine the material

thickness required for protection of vulnerable .

radiator parts from micrmeteoroid inpact was de-

veloped by Hailer and Lieblein as:
5

6=’Ra(?)’’2(?!T3(+J
(’n~,+J31w

where

6=

yR .

a .

‘P =

‘a =
Vp =

Ca .

E.

a=

Av =

t..

P. =

n=

e’

B=

(12)

armor thickness, cm;

room temperature cratering coefficient;

rear surface damage thickness factor;

meteoroid average density, 0.5 g/cm3;

arnrm density, g/cm3;

msteoroid average velocity, 20 kmjs;

sonic velocity in armor, km/s;

armor earth shielding factor = 0.993 for

geosynchronous orbit;

meteoroid flux constant (10
-14.37 9!9,M2-S

= 4.2658E - 15 cJf&;

vulnerable area, m ;

mission time, s = 7yrs = 2.20752E +8 s;

design probability ofno critical damage,

p = 0.69 +0.9g;

damage factor for oblique impact, 1.0;

penetration constant, 0.667;

reteoroid flux constant, 1.213;

b

. .

?
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T = armor temperature, K; and

TR = room temperature, K.

The eatihkhielding factor depends on orbit

altitude and is”defined as the ratio of shielded to

unshielded flux. Figure 6 illustrates the geometry

for calculating the earth shielding factor, E.

~=l+cose
2 (Ref. 5). (13)

The data on cratering coefficients came from

Refs. 9, 10, andll. The data on rear surface dam-

age thickness factors came from Refs, 11 and 12.

The remaining material properties came from Ref. 13.

The vulnerable area is calculated based on the

area of the condenser section of one stringer heat

pipe as

A
Vul

=rxDixs(m2). (14)

Shiel~:;:+~~dy

/

Spacecraft

k-_-+-4R~
Fig. 6. Geometry for earth shielding factor.

The mission time is assumed to be seven years or

t = 2.20752 x 108 s. The design probability

for critical damage was varied in four steps from

p= 0.69 top= 0.99.

Six candidate radiator materials were con-

sidered. Table I lists the properties used in

the calculation of required thickness. The valid-

ity of the data is difficult to judge. The beryl-

lium data, in particular, are questionable because

significant improvement has been made in the fabri-

cation of beryllium to improve its ductility.
14

Some new materials have not been tested. The

material data are used with tie expectation that

future testing and development of materials, if

done, will show that these values are very con-

servative.

VI. RESULTS

Results from this study fall into two cate-

gories. The first set of results shins the effects

of changes in design parameters on the reference

radiator system mass for four different stringer

survival probabilities. The second set of results

illustrates changes in the heat pipe radiator as

a function of system size for the selected survival

probability ofp =0.89.

A. Effect of Design Param?te= on System Mass

The reference design of the 91-heat pipe T/E

system radiator assumes a 200-kW reactor, 5% effi -

cient silicon-germanium T/E nndules, and a radiator

TABLE I

PROPERTIES OF CANDIOATE RAOIATOR MATERIALS

Material Property Beryl 1ium Ti-6Al-4V Steel 316 Inconel 718 TZM Molybdenum Tantal urn

Oensity, g/cm3 1.85 4.43 7.76 8.0 10.21 16.6

Young’s mudulus, Pa x 1011 2.76 1.09 1.93 2. 2.76 1.79

Conductivity, M/m Kat 775 K 100. 13. 19.8 19.03 121. 64.7

Sound speed, km/s 12.22 4.97 4.99 4.99 5.64 3.35

Cratering coefficient 2.28 1.75 2.19 1.85 2.0 1.77

1/6

()
Temperature coefficient, ~ 1.175 1.02 1.175 1.175 0.91 1.0

Rear surface damage factors:

Dinple 2.0 3.1 3.1 3.0 3.25 4.5

Spal 1 1.75 2.6 2.6 2.5 3.0 3.7

Perforation 1.5 1.65 1.B5 1.75 1.B5 2.6

7



operating temperature of 775 K. The therrml input

to the radiator in a 3.22 x 107 m geosynchronous

orbit is 294 Wm2 from direct solar radiation.

The reference configuration is forno shine through

the radiator cone base and use of the cross heat

pipes as bunpers for the stringer heat pipes.

Potassium was selected as the reference heat pipe

fluid and pure berylliumas the container and wick-

ing material.

Figure 7 shows the radiator mass as a function

of stringer survival probability for the reference

radiator and a radiator with the calculated thick-

ness of heat pipe container material. The refer-

ence radiator takes credit for the bumpering effect

and protection that the cross heat pipes provide

for the stringers by using only 40%of the calcu-

lated material thickness. Neglecting to take

credit for the protection afforded by the truss

heat pipes results in43 to 73% heavier radiator

mass.

Figure 8 illustrates the radiator mass for the

six candidate container materials considered. The

materials were selected for their usefulness at

elevated temperatures over long periods and for

shield

Reference radiotor

A-J_l_
0.59 0.69 0.79 0.89

Fig. 7.

8

Stringer Stirvival Probability, p

Radiator mass with and without
bunper effect.

3

I I I I

Tantalum

Inconel 718

4
Stainless Steel 316

Ti-6Al-4V

.
Beryllium

~~
0.69 0.79 0.89 0.99

Stringer Survival Probability (p)

Fig. 8. Radiator mass for six candidate
container materials.

the availability of data from hypervelocity impact

experiments. The data used for all the materials

except beryllium and titanium are from Refs. 9, 10,

11, and12. The rear surface damage factors for

beryllium and tantalum were assumed to be similarto

those of titanium; the cratering coefficient for

Ti-6Al-4V and the temperature coefficient for tan-

talum were estimated. Results show that pure beryl-

lium yields the lightest radiator, with Ti-6Al-4V

giving the next lightest.

Figure 9 illustrates the effect of changes in

heat pipe fluid on the radiatar mass. The cesium

and potassium curves are similar because of the

similar densities and sanic limits at the operat-

ing temperature. The mass of a radiator with mer-

cury heat pipe fluid is significantly larger, pri-

marily because of the density of mercury. Potassium

was chosen as the reference heat pipe fluid because

it has a higher latent heat of

higher liquid transpart factor

yields the lightest radiatars.

vaporization and a

than cesium3 and

.

r



100

r’-90 -

Mercury

40 ~
0.69 0.79 0.89 0.99

Stringer Survival Probability (p)

Fig. 9. Radiator mass far three candidate
heat pipe fluids.

Figure 10 shcws radiator mass as a function

of stringer survival probability for the two assumed

radiator surface configurations. Since allowance

for shine through the base of the radiator cone is

mission- and payload-dependent, the reference design

is the conservative choice. The mass ofa radiator

that allows shine through the base would be approxi-

mately 87% af the reference design mass.

Figure 11 illustrates the effect of operating

temperature on the radiator mass. When the operat-

ing temperature was lciwered from 775 to 675 K,

allowing only a small approach temperature between

the heat pipe systems, the radiatar mass increased

from 185 ta 235% of the reference radiator mass.

With only one exception, all changes in the

reference design assumptions or parameters increased

the radiator system mass. The choice of a heat pipe

container mterial has the most significant effect

on system mass. The material properties andempiri-

cal coefficients used to determine meteoroid shield

thickness at the design temperatures shauld be well

established for the selected container material.

B. Effect of System Size on Heat Pipe Radiatar

The reference design assumes use of a 200-kW

reactar with 5% efficient silicon-germanium T/Es;

1

Without Shine Through
(Reference radmfor)A-)

Bose

With Shine Through Base

I I I I !
0.69 0.79 0.89 0.99

Stringer Survival Probability (p)

Fig. 10. Radiator mass with and without shine

through base.
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L I 1 I I
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Fig. 11. Radiator mss for two operating
temperatures.



the larger systems assumed a 600-kW reactor with 5%

efficient silicon-germaniumT/Es and a 1000-kW re-

actor with 10% efficient selenide T/E nmdules.

Figure 12 is a plot of reject heat as a function of

radiator system mass for a stringer survival prob-

ability ofO.89. Figures 13 and 14 are plots of re-

ject heat as a function of radiator area and slant

height, respectively. The curves indicate that the

radiator mass, at a given stringer survival proba-

bility, increases nearly linearly with reject heat.

Table II lists size and mass information for the

three different systems.

1. Berylllum container
2. K,hea! pipe fluid
3.No shine through base

4. Shield with bumper

5.T=775°K

6. P= O.89

oo~
300 400 500

Radiotor Mass (kg)

Fig. 12. Radiator mass vs reject heat.
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Fig. 14. Radiator slant heigtt vs reject heat

TABLE II

RADIATOR SYSTEM SIZE AND MASS DATA

Parameter

Reactor pwer, kkJ

Converter efficiency, %

Qmax/stringer, W

Stringer id., cm

Armor thickness, cm

Radiator small diameter, m

Radiator large diameter, m

Radiatar slant height, m

Radiating area at BOM, m2

Nutier of cross heat pipes

Specific mass, kg/kW

Stringer heat pipe mass,

Cross heat pipe mass, kg

Fluid and wick mass, kg

Total radiator mass, kg

VII. CONCLUSIONS

200 600 1000

5 5 10

2645 7935 12 529

2.28 3.94 4.95

0.12 0.174 0.20

1.18 1.18 1.18

2.23 3.47 4.27

2.51 5.52 7.44

13.45 40.34 63.7

3263 7176 9672

0.263 0.332 0.369

kg 15 82 lEO

23 75 123

12 32 49

Y GE

The results of this study indicate that the

reference design 91-heat pipe radiator is the ligtt-

est functional radiator that meets the imposed system

survival criteria. No consideration was given ta

fabrication difficulties involved in the production

of long, thin-walled beryllium cylinders.

.

,

t

Fig. 13. Radiator area vs reject heat.
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